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Abstract
Remarkably little is known about the population-level processes leading up to the extinction of the neandertal. To examine this, we use mtDNA sequences from 13 neandertal individuals, including a novel sequence from northern Spain, to examine neandertal demographic history. Our analyses indicate that recent western European neandertals (<48 kyr) constitute a tightly defined group with low mitochondrial genetic variation in comparison to both eastern and older (>48 kyr) European neandertals.
Using control region sequences, Bayesian demographic simulations provide higher support for a model of population fragmentation followed by separate demographic trajectories in subpopulations over a null model of a single stable population. The most parsimonious explanation for these results is that of a population turnover in western Europe during early Marine Isotope Stage 3, predating the arrival of anatomically modern humans in the region.
Main text
A large number of megafaunal taxa went extinct during the latter part of the Late Pleistocene, at both the species (Barnosky et al. 2004 ) and population level (Barnes et al. 2002; Hofreiter et al. 2007; Leonard et al. 2007) . Among these species were the closest known relatives of anatomically modern humans, the neandertals (Homo neanderthalensis). While the timing for the disappearance of the neandertals is relatively well known (Finlayson et al. 2006) , less is known about their population history in the time leading up to their disappearance.
Neandertals are one of the few hominin species believed to have evolved outside Africa. Although they have been subjected to numerous genetic analyses (Green et al. 2010; Krings et al. 1997; Ovchinnikov et al. 2000) , the principal emphasis of these studies has been to investigate possible admixture with anatomically modern humans (Homo sapiens) (Belle et al. 2009; Green et al. 2010) , as well as relationships with other putatively closely related hominins (Krause et al. 2010) . While genetic data have been used to address geographical population structure (Fabre, Condemi, Degioanni 2009) , the existence of possible local demographic shifts and population turnover has not been investigated to date; hence the dynamics of neandertal populations prior to their disappearance are still largely unknown. Over the past decade, an increasing number of studies on both human (Malmström et al. 2009 ) and other mammalian populations (Barnes et al. 2002; Campos et al. 2010; Shapiro et al. 2004 ) have demonstrated that serial genetic datasets provide a powerful approach for testing hypotheses regarding demographic changes in populations.
To examine the population dynamics in neandertals, we analysed mtDNA control region variation in 13 individuals (Fig. 1) , including one previously unpublished sequence from a c. 48.5 thousand radiocarbon year (kyr) old specimen from Valdegoba, Spain (Fig. S1 ). Bayesian phylogenetic inference revealed that about half the specimens are grouped into a highly supported monophyletic clade (posterior probability = 0.99), whereas the remaining specimens form a basal paraphyletic group. Interestingly, all specimens in the monophyletic group derive from western Europe and have radiocarbon ages of less than 48 kyr. In contrast, specimens from western Europe older than 48 kyr and from the eastern part of the neandertal distribution belong to the basal paraphyletic group (Fig. 1) . Based on the strong monophyly of recent western neandertals, we hypothesised that there had been a comparatively recent loss of genetic diversity in this group. To investigate this, we compared nucleotide diversity estimates, corrected for heterochrony (Depaulis, Orlando, Hänni 2009 ). This revealed a more than six-fold higher diversity in the group containing old western individuals and eastern individuals compared to the recent Table 1 ). As a comparison, old and eastern neandertals display diversity comparable to all anatomically modern humans, whereas the recent western group has a markedly lower diversity than modern Eurasian humans (Fig. 2 ).
Taken together, these results suggest a genetic turnover in the western European neandertal population approximately 48 kyr ago.
To further explore the hypothesis of population turnover in western European neandertals, we used an Approximate Bayesian Computation (ABC) approach to test two demographic models that we hypothesise might be consistent with the observed mtDNA data. The software Bayesian Serial SimCoal was used to simulate temporal data under a null model (H 0 ) consisting of a panmictic population with constant size.
We similarly explored an alternative scenario (H 1 ) of population divergence followed by independent demographic trajectories in each subpopulation (Fig. S2) . Bayes
Factors were calculated from model posterior probabilities, assuming both models were a priori equally likely. We retrieved 2.5 to 4.1-fold higher posterior support for H 1 when using a dataset consisting of samples with longer sequence lengths (Bayes Factors were 2.5 and 4.1 for the 191bp and 303bp datasets respectively; Table S2 ).
Posterior distributions are consistent with intermediate effective female population sizes of ca. 300 and 2,000 individuals in the western and eastern subpopulations, respectively ( Fig. S3 ; Table S3 ).
Our results suggest that recent western neandertals display significantly less mtDNA variation compared to other neandertals. Furthermore, recent western neandertals constitute a well defined, but shallow, monophyletic group. As illustrated by the demographic simulations described above, these results are consistent with separate demographic trajectories in eastern and western neandertals. One evolutionary scenario that could explain the genetic data and would be consistent with the simulation results would be an initial divergence between neandertal populations in Eastern and Western Europe ca. 55-70 kyr ago (Fig. S2 , Table S3 ) followed by an extinction of western neandertals throughout most of their range and a subsequent recolonisation of the region either from the east or from a small refugium in the western part of their distribution. In the eastern part of the neandertal distribution, on the other hand, the results suggest genetic continuity through time until the species' disappearance some 28 kyr ago (Finlayson et al. 2006 ). It is difficult to determine the exact timing of the turnover in the west. The age of the most recently dated specimen in the basal paraphyletic group in western Europe (i.e. Valdegoba) would imply a turnover around 48 kyr, whereas the coalescence time (58 kyr, 95% CI = 54-77 kyr) for the recent western clade appears to be slightly older. However, it should be noted that the age of the Valdegoba specimen lies close to the limits of radiocarbon dating and thus could be an underestimate. On the other hand, it is not unlikely that some variation was retained during the hypothesised turnover, in which case the coalescence time would predate the turnover. The hypothesis of population turnover proposed here, as well as the timing of it, is likely to be further resolved as genomic data from more individuals becomes available.
Models based on palaeontological data that incorporate neandertal migration and demographic changes have largely focused on population movements in a northsouth direction (Hublin and Roebroeks 2009) . Recently, periods of adverse climate have been argued to have caused local extinction rather than population movements (Hewitt 1999) , and this has also been proposed for neandertals (Hublin and Roebroeks 2009). The reduced genetic diversity identified among later neandertals in western and central Europe found in the present study is consistent with this scenario.
The demographic turnover in the west indicated by our analyses would have been followed by a subsequent period of range expansion and recolonisation, either from a small refugium within western or central Europe or from western Asia, where the population appears to have been demographically stable. Both of these scenarios find some support in the neandertal fossil record. A north-south geographic pattern has been suggested to characterise neandertal populations, with southern neandertals showing generally wider and shorter faces and presumably representing a more derived condition (Rosas et al. 2006) . At the same time, some anatomical differences have been described previously between the southwest Asian neandertals, who are generally argued to show a more primitive morphology, and the "classic" neandertals of Upper Pleistocene Europe (Condemi 1992; Martinez and Arsuaga 1997; Martínez, Quam, Arsuaga 2008; Trinkaus 1983 ).
Even given the uncertainties surrounding the exact timing of the inferred demographic turnover, this event clearly predates the arrival of anatomically modern humans in western Europe (Trinkaus 2005) . This suggests that the turnover instead may be a consequence of the changes in climate that occurred during early Marine Isotope Stage 3. Notably, several brief periods of extraordinarily low temperatures occurred during this time (Heinrich events 5 and 6; (Svensson et al. 2008) ). Since these cold periods are thought to have been caused by a disturbance of oceanic currents in the North Atlantic, it is possible that they had a particularly strong impact on the environment in western Europe. Although speculative, this could explain why we observe a bottleneck or local extinction in the western part of the neandertal distribution, while individuals were less affected in the east. The idea that severe cold spells could have affected neandertals negatively has also found support in morphological analyses (Rae, Koppe, Stringer 2011; Stewart 2005) , as well as a recent palaeovegetational study which suggested that the environment in Europe was unsuitable for neandertals during Heinrich event 5 (Muller et al. 2011 ).
Methods
A 303bp mtDNA control region sequence from a novel Iberian neandertal from Valdegoba Cave was generated using a multiplex PCR approach (Lalueza-Fox et al. 2006 ). Each distinct PCR amplification (n=11) was performed in triplicate to allow for erroneous nucleotides to be resolved in the downstream analysis. Amplicons from each replicate were deep-sequenced using Roche FLX LR25 chemistry. The generated synthetic clonal sequences from each amplicon were sorted bioinformatically, constructed into networks to enable discrimination between true neandertal sequences and contaminant modern human sequences. Identification of the Valdegoba sequence was based on its position in the network, assuming that modal sequences were authentic whereas peripheral sequences were derived from DNA misincorporation during PCR and sequence errors (Helgason et al. 2007 ). The Valdegoba sequence ( Fig. S1 ; GenBank accession number JQ670672), as well as twelve previously published neandertal sequences were subsequently used to perform phylogenetic inference and population genetic analyses, as well as serial coalescent simulations to evaluate alternative demographic scenarios (see Supplementary Information for details). 
